Osterix (Osx) is an osteoblast-specific transcription factor that is essential for bone formation. MicroRNAs (miRNAs) are ~22-nucleotide-long noncoding RNAs that play important regulatory roles in animals and plants by targeting mRNAs for cleavage or translational repression. They can also control osteoblast-mediated bone formation and osteoclast-related bone remodeling. The vital roles of Osx and miRNAs during bone formation have been well studied, but very few studies have discussed their co-functions and the relationships between them. In this review, we outline the significant functions of Osx and miRNAs on certain cell types during osteogenesis and illustrate their roles during tooth development. More importantly, we discuss the relationship between Osx and miRNAs, which we believe could lead to a new treatment for skeletal and periodontal diseases.
Background
Osx, which was first discovered by Nakashima et al. in 2002 [1] , is a zinc-finger transcription factor belonging to the specificity protein (Sp) family. To date, thousands of studies have investigated it and established the essential role of Osx in bone formation. Bone could not be formed if osteoblast-specific marker genes fail to express in Osx mutant embryos. After birth, if Osx is inactivated, mice will have multiple skeletal phenotypes, including nearly no bone formation, absence of resorption of mineralized cartilage, and defects in osteocyte maturation and function [1] . However, the functions of Osx on other cells differentiated from human mesenchymal stem cells have not been studied.
MiRNAs are a family of small, non-coding RNAs that can regulate expression of other genes by binding to or regulating the translation process of some specific mRNAs. The first miRNA, lin-4, was found in 1993 by Lee et al. to control the developmental time of C. elegans [2] , and in 2000 the second miRNA, Let-7, was discovered by Reinhart's group [3] . Since then, hundreds of miRNAs have been functionally linked to the development of specific tissues, such as eyes, blood vessels, muscle, nerve, fat, cartilage, and bone [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The co-function of miRNAs and Osx during skeletal development is also a popular research topic, but there has been little attention to the role in tooth development.
It is well acknowledged that bone formation consists of 2 developmental processes: intramembranous ossification and endochondral ossification. Osteoblast progenitors in mesenchymal condensations of endochondral and membranous skeletal elements first differentiate through 1 or several steps into preosteoblasts, which are still bipotential. Preosteoblasts then differentiate in 1 or more steps into mature osteoblasts and mature chondrocytes [1] . Osteoblasts form bones directly, while chondrocytes form a cartilage template that is later replaced by bone (Figure 1) . In this review, we will focus on the roles of Osx and miRNAs on other cell types that are involved in bone formation, such as chondrocytes, osteoclasts, and adipocytes. We also address tooth development because it is similar to bone formation. Finally, we consider the relationships between Osx and miRNAs and prospects for further research.
Role of Osx and miRNAs in Osteoblasts
Osx has been shown to have an essential role in osteoblast differentiation and bone formation [1] . Numerous studies, both in vitro and in vivo, have investigated its roles and mechanisms during these processes [14] [15] [16] [17] [18] [19] , but few studies have focussed on miRNAs. For example, miRNA-138 was verified to be able to modulate osteogenic differentiation of human mesenchymal stem cells (hMSCs). It significantly inhibits osteoblastic differentiation, and reduced levels of miRNA-138 boosted it. An in vivo experiment also showed that miR-138 negatively regulates osteoblast differentiation and bone formation [20] . Other miRNAs, such as miRNA-194, miRNA-210, miRNA-204, miRNA-24, miRNA-23, miRNA-145, miRNA-375, and miRNA-150, have also been confirmed to participate in this process [21] [22] [23] [24] [25] [26] . Zhou et al. showed that miR-17-92 cluster critically regulates bone metabolism, mostly through its function in osteoblasts [27] . miRNAs also play important roles, both positive and negative, in regulating osteoblast differentiation and bone formation.
Role of Osx and miRNAs in Chondrocytes
Except for a few of the bones, such as craniofacial bones, which are formed by intramembranous ossification, the majority of the bones in our bodies, such as long bones, are formed by endochondral ossification, which needs a cartilage intermediate. This is why endochondral ossification is so crucial for skeletal development and growth. Osx transcripts were first found transiently in differentiating chondrocytes of E13.5 embryos [1] and in the primary cultures of chondrocytes [28] . Latter studies also showed that Osx appeared to function as a molecular switch between the osteoblast and chondrocyte fates [29] , suggesting that Osx could play a role in differentiation of chondrocytes and terminal maturation of osteoblasts. Another 2 studies also demonstrated that Osx is a positive regulator of chondrocyte differentiation [30, 31] . Kaback et al. verified that Osx inhibited chondrocyte maturation while promoting osteoblast differentiation in the MLB13MYC Clone 17 cell line [32] . The above evidence and other studies [33, 34] show that Osx plays an essential role in late-stage endochondral ossification, but its exact function in chondrocytes needs further research. 
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Unlike Osx, which only has 1 or 2 clear functions in chondrocytes, hundreds of miRNAs are able to influence every process of chondrocyte differentiation and function. MiRNAs are generated from long primary transcripts (pri-miRNAs) after multistep processing. First, primRNAs are processed into small hairpin pre-miRNAs by the microprocessor complex consisting of Drosha and DGCR8, and then are further processed by the RNase III, Dicer, into miRNAs [35] . Global reduction in miRNAs by deleting Dicer in growth plate chondrocytes reduced cellular proliferation and accelerated chondrocyte differentiation, causing a severe skeletal growth defect and early postnatal lethality [36] . Ablating the miRNA biogenesis pathway by deleting Drosha or DGCR8 in growth plate chondrocytes caused a lethal skeletal defect similar to that of Dicer deletion [37] . Both of these studies confirmed the essential role of total miRNAs in normal skeletogenesis. Some specific miRNAs, such as miRNA-23b, are able to induce mesenchymal stem cells (MSCs) to differentiate into chondrocytes by targeting protein kinase A signaling [38] . Others miRNAs (e.g., miRNA-1, miRNA-140, miRNA-145, and miRNA-365) have been identified to stimulate chondrocyte proliferation and differentiation [39, 40] or regulate skeletal development [41] [42] [43] [44] [45] . Finally, silencing of miRNA34a by miR-34a-specific LNA anti-sense can prevent cartilage degradation via inhibiting chondrocyte apoptosis, which gave us a new sight into the functions of miRNAs in cartilage homeostasis and structural integrity [46] . In summary, miRNAs are involved in every process of cartilage formation.
Role of Osx and miRNAs in Osteoclasts
Bone volume is determined by the balance between bone formation and osteolysis ( Figure 2 ). Osteoblasts, which lead to bone formation, have been verified to be regulated by Osx and miRNAs, but the role of osteoclasts, which lead to osteolysis, is unclear. Multinucleated functional osteoclasts were found in the cartilage matrix in Osx null mutants, indicating that mutation of Osx has no effect on osteoclasts [1] . Similar results also indicated that Osx deficiency in osteoblasts did not affect osteoclast differentiation and function [47, 48] . However, Cao et al. found that Osx inhibited interleukin (IL)-1a expression [49] .
Chen et al. showed that the level of expression of the receptor activator of nuclear factor-nB ligand (RANKL) was clearly down-regulated in Osx-null mice [50] and Cao et al. found that OSX was unable to suppress RANKL expression [51] . IL-1a is a cytokine with potent stimulatory effects on osteoclastogenesis and RANKL is critical to osteoclast formation [52] , suggesting that Osx has different effects on osteoclasts. Conflicting results from different researchers means that more studies about their mechanisms of action are neccesary.
It is easy to understand that miRNAs have various functions on osteoclasts. In a recently review about this, Tang et al. listed roles of several miRNAs relevant in osteoclasts and related bone diseases, which showed that some miRNAs enhanced osteoclast differentiation and others inhibited osteoclastogenesis [53] . Global reduction in miRNAs by using DGCR8, Dicer1, and Ago2 siRNA gene silencing in Dicer-null mice caused aberrant osteoclast differentiation and function, decreased osteoclastogenesis, and decreased bone resorption [54] . In summary, the function of miRNAs on osteoclasts differs from miRNA to miRNA, while overall, miRNAs promote osteoclastogenesis.
Role of Osx and miRNAs in Adipocytes
Another important type of cell that bone marrow mesenchymal stem cells (BMSCs) could differentiate into, besides chondrocytes and osteoblasts, is adipocytes [55, 56] . The potential and capacity of BMSCs differentiating into osteoblasts decrease and adipocytes increase as people grow old [57] [58] [59] . Therefore, knowing the potential mechanism enables a better understanding of osteoblastogenesis. During the past decade some research has been conducted on the regulation of miRNAs in adipocyte differentiation [60] [61] [62] . Regarding the balance between adipogenesis and osteogenesis, Huang et al. found that miRNA-22 was able to regulate adipogenic and osteogenic differentiation of human adipose tissue-derived mesenchymal stem cells (hADMSCs) in opposite directions. After transfecting hADMSCs with miRNA-22 mimics, followed by culturing them in the adipogenic induction medium or osteogenic induction medium, they found that miRNA-22 negatively regulated adipogenic differentiation of hADMSCs while acting as a positive regulator in osteogenic differentiation [63] . In contrast, overexpression of miR-188 in mice reduced bone formation and increased bone marrow fat accumulation, and miR-705 and miR-3077-5p acted as inhibitors of MSCs osteoblast differentiation and promoters of adipocyte differentiation [64, 65] . In conclusion, some miRNAs can regulate the age-related switch between osteoblast and adipocyte differentiation, which might indicate a new strategy for treating age-related bone loss and senile osteoporosis.
Although Osx is essential for osteoblast differentiation, little is known about its functions on adipocytes. Cheng et al. showed that osteoblast homeoprotein Msx2 up-regulated OSX expression in myofibroblasts and suppressed adipogenic differentiation of C3H10T1/2 cells [66] . Another study, Mikami et al. showed that dexamethasone (Dex) modulated osteogenesis and adipogenesis. They treated rat calvaria-derived cells with Dex and bone morphogenetic protein (BMP)-2 for various periods of time, and found that when cells were differentiating into adipocytes, OSX expression was inhibited. When cells were committed to osteogenic differentiation, OSX expression was not inhibited by Dex [67] . MiRNA-637 was also verified to promote the formation of adipocytes and, conversely, inhibit that of osteoblasts by direct suppression of OSX expression [68] . From these studies we hypothesized that the expression level of OSX was correlated with adipocyte differentiation because its reduction decreased the differentiation of osteoblasts so that the stem cells differentiated into adipocytes. However, the verification of this hypothesis and the detailed mechanism need further investigation.
Role of Osx and miRNAs in Tooth Development
Another mineralized organ, teeth, share many properties with bone, and there is great similarity between the process of tooth formation and intramembranous bone formation (Figures 1, 3) . Cementoblasts, the cells that form cementum, are quite similar to osteoblasts, a cell type controlling bone formation [69, 70] . In addition to its ability to promote mineral nodules in vitro [71] , cementoblasts can also express genes such as bone sialoprotein (BSP) and osteocalcin (OCN). Runx2 and Osx, 2 key transcriptional factors in osteogenesis [1, [72] [73] [74] , are present in cementoblasts [75] . Therefore, Osx and miRNAs are also needed for odontoblast differentiation and tooth development.
Dentin sialophosphoprotein (DSPP) is a phosphorylated protein representing a major component of non-collagenous dentin extracellular matrix (DECM), which is highly expressed in odontoblasts and essential for dentinogenesis [76, 77] . At later stages of the mouse embryo, DSPP transcription is weakly present in osteoblasts, but is strongly present in odontoblasts, where OSX is highly expressed. In mouse odontoblast-like cells, OSX overexpression increased DSPP transcription level, indicating that the Dspp gene could be a direct target of Osx activation and illustrating the function of Osx during dentinogenesis [78] .
Because cementoblasts possess many characteristics similar to those of osteoblasts, our group, for the first time, used mouse models to elucidate the role of Osx in the formation of cellular cementum, and demonstrated that conditional deletion of Osx in mouse 2.3 Col1a1Cre in embryos, or with CMV-Cre ERT2 in adults, led to a sharp reduction in cellular cementum formation, while overexpression of OSX by transgenic mouse greatly accelerated the formation of cellular cementum [79] . We also found that Osx regulated the differentiation of cementoblasts by maintaining a low level of Wnt-b-catenin signalling via positive regulation of DKK1 (Figure 4) [80] . These results further support the vital function of Osx in tooth development. Therefore, we hypothesized that Osx plays a critical role in periodontal regeneration and Osx combined with gene-activated matrix (GAM) might be effective in the regeneration of cementum [81] .
Recently, Sun et al., in a review about the fine-tuning role of miRNA in odontoblast differentiation and disease, summarized all the reported miRNAs that regulate odontoblast differentiation and listed them together [82] . However, there is still no research about miRNAs and cementogenesis. Expression patterns of miRNAs during periodontal disease [83, 84] and certain miRNAs in different periodontal tissues [85, 86] have been verified, but the exact roles these miRNAs play and the mechanisms behind these patterns need further study. These studies provided candidates for further analysis of miRNAs in periodontal infection and of miRNAs during tooth development. We know that miR-146a expression induces periodontal ligament cells (PDLCs) differentiation. IPDL-miR-146a cells, which express much higher levels of miR-146a than normal PDLCs, showed an up-regulation of ALP, OCN, and OPN mRNA expression and more mineralization nodules [87] , but whether it induces PDLCs to differentiate into cementoblasts or osteoblasts remains unknown. Therefore, the relationship between miRNAs and tooth development needs further investigation. Combined with the information presented above, we made a schematic that shows functions of Osx and certain miRNAs during tooth development ( Figure 5 ).
Relationships between Osx and miRNAs
Since both Osx and miRNAs have such vital functions in skeletal development, it is easy to understand that Osx has correlations with some miRNAs. Researchers have established that miRNAs are able to target Osx. For instance, miRNA-637 maintains the balance between adipocytes and osteoblasts by directly targeting Osterix [68] . Since osteoporosis and the increased risk of fragile fractures are one of the characteristic manifestations of aging, the results of this might contribute to this bone-associated metabolic disease. MiRNA-143 and miRNA-145 can suppress osteogenic differentiation by targeting Sp7/osterix [88, 89] and form a feedback loop with KLF4 and OSX in odontoblasts. MiRNA-145 inhibits expression of Klf4 and Osx genes after they induce odontoblast differentiation, and then KLF4 represses miRNA-143 transcription, followed by miR-143 regulating odontoblast differentiation, in part through the miR-145 pathway [90] . Other miRNAs, such as miRNA-125b, miRNA-31, hsa-miR-135b, and miRNA-214, can also target Osx [91] [92] [93] [94] .
In addition, miRNAs could regulate Osx by targeting its upstream molecules or inhibitors. Runx2 is a potential target of miR-338-3p. Overexpression of miRNA-338-3p caused a decrease in the expression of Runx2 at mRNA and protein levels, while Runx2 expression increased after treatment with miR-338-3p inhibitors [95] . Several other miRNAs, such as miR-23a, miR-30c, miR-34c, miR-133a, miR-135a, miR-204, miR-205, miR-217, miR-218, and miR-335, were also found to target Runx2 during osteogenic differentiation [96] [97] [98] [99] [100] . As Runx2 acts upstream of Osx [1] , the function of these miRNAs can be used indirectly to affect Osx. MiRNA-322 is involved in osteoblast differentiation by targeting Tob2. Overexpression of miR-322 decreases Tob2 mRNA and protein expression and leads to increased levels of the transcription factor Osx [101] . As Tob2 regulated Osx mRNA degradation, this was the first time that a miRNA was shown to increase the level of Osx, which could be a new molecular mechanism for controlling osteogenesis using the crucial role of Osx.
Since so many miRNAs can target Osx, we wondered whether is Osx involved in the regulation of miRNA expression. In addition to the feedback loop among miR-143, miR-145, KLF4, and Osx that we have presented previously [90] , miRNA-93 is also able to form a feedback loop with Osx to regulate osteoblast mineralization [102] . Another result from Chen's group suggested that Osx down-regulated expression of a group of miRNAs, including miR-133a and miR-204/211, but up-regulated expression of another group of miRNAs, such as miR-141/200a. Based on the knowledge that MiR-133a and miR-204/211 target Runx2, and because sclerostin and alkaline phosphatase (ALP) are 2 additional targets of miR-204/211 and miR-141/200a can target the transcription factor Dlx5, they postulated that Osx had the ability to modulate RUNX2, sclerostin, ALP, and DLX5 proteins through regulation of specific 2938 miRNAs [103] . Although some miRNAs have been demonstrated to have their own promoters and are transcribed independently [104] , there appear to be few molecules that can regulate miRNAs. This result opens a new door to further study the interactions between Osx and miRNAs. The relationships between Osx and miRNAs that we presented above are listed in Figure 6 .
Conclusions and Perspectives
Bone formation is a multi-step process that involves many cell types and various transcription factors, cytokines, and nucleotides. Osteoblasts are the most important cells during this process, while chondrocytes, osteoclasts, and adipocytes also play certain roles in skeletal formation and aging-related transformations. Hence, simply studying the functions of Osx and miRNAs with osteoblasts is far from sufficient. In this review, we mainly presented their functions with chondrocytes, osteoclasts, and adipocytes in order to introduce this subject and help generate new research ideas.
Two skeletal diseases, congenital dysplasia or aging-related degenerations, have been of concern to researchers for years. As one of the most important transcription factors during bone formation, Osx plays an important role in both conditions, as do miRNAs, which regulate gene expression involved in a wide variety of biological actions. Thus, it is easy to understand that any mutation or dysregulation that occurs on Osx or one of the miRNAs might be able to cause certain diseases. A better understanding of the mechanisms that regulate bone formation may yield new methods to treat these illnesses, and we hope that the present review will contribute to this.
Like many other organs in the human body, permanent teeth are non-reproductive. Although teeth are quite similar to bone, there has been little research on the role of Osx and miRNAs on the formation of cementum and dentine. Because of the high incidence of periodontitis, which leads to tooth loss by destroying alveolar bone and cementum, it is urgent to find ways to rescue periodontal tissues. However, little is known about the functions of Osx and miRNAs during tooth development. More importantly, we summarized the relationships between Osx and miRNAs and found that they can regulate each other. Since bone formation needs several pathways that comprise those factors, knowing their relationships and the mechanisms by which they regulate and control each other will make it easier to adjust these pathways to influence skeletal structures and treat skeletal diseases.
However, there are still many unanswered questions. For example, controversy still exists about the functions of Osx in chondrocytes and osteoclasts, and more research is needed to determine if Osx positively or negatively regulates osteoclast genesis and chondrocyte differentiation. The differentiations from BMSCs to osteoblasts and to adipocytes are in 2 opposite directions, and it is unknown whether this balance is to some degree regulated by Osx. Moreover, since the regeneration of cementum and dentin is the priority in protecting against periodontitis and consequent tooth loss, there remains much to learn about the functions of Osx and miRNAs during tooth development. This review summarizes current knowledge about the roles of Osx and miRNAs and their interactions, and shows directions for future research.
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